The friction force in a single toothbrush tuft (group of bristles) is measured using Levitation Mass Method (LMM). The experimental measurement is performed by sliding a rounded tip extension block over the surface of the tuft. This extension block is connected to one end of the moving part that is a slide of pneumatic linear bearing. Since the friction of the moving part is so small that it can be neglected, the inertial force of the moving part is equal to the dynamic surface friction force of the tuft opposite to the direction of motion. The tested toothbrush tuft used is made of nylon material with 25 bristles, has a length of 10 mm and a diameter of 0.2 mm. The velocity of the moving part is measured precisely from the beat frequency and the rest frequency using an optical interferometer. After getting the velocity, the other data like the acceleration, the inertial force, and the position of the mass is calculated numerically. The friction inside the bearing is determined using the same instrumentation with an average value of 2.05 mN.
Introduction
Toothbrush is an instrument for cleaning the teeth, the tongue, and the gums of a person. The origin of toothbrush can be traced back to China about 1000 AD [1] . Typically, the toothbrush is made of soft nylon bristle with different bristle configurations that form different tuft design and arrangement. This different in configuration of bristles formed the tuft arrange at different angles (criss-cross) and at different lengths [2] . A tuft of a toothbrush is a group of bristles, which is lumped together and equally distributed over the toothbrush head. According to Fradsen [3] , manual toothbrush bristles are normally end-rounded tips with a dimension of approximately 10 mm in length and 0.2 mm in diameter. Some literatures like Hotta et al. [4] talk about the plaque removal efficacy of the toothbrush has something to do with the proper bristle arrangement and material type. This is further supported by the study of Yankell [5] et al. that feathered bristles removed more plaque than end-rounded bristle.
The bristle of a toothbrush can be grouped into two major types hard and soft. Hard bristle toothbrush according to Kinoshita [6] is more effective in plaque removal than the soft bristle. The study of Beke [7] also suggested that the stiffness of bristle vary for every toothbrush. In one of his review, he said that stiffness is proportional to the square of the bristle diameter and inversely proportional to the square of the bristle length. Some literatures also mention about the optimum force required in removing the plaque during manual and power tooth brushing is about 3 to 4 N [8, 9] . However, none of them mention about how the friction force in a single toothbrush tuft (group of bristles) behaves during dynamic loading. The idea of knowing this will be an initial step to understand better on how a friction force is related to the efficacy of plaque removal during brushing of teeth. Now since most of the method used in measuring the forces in toothbrushing, and toothbrush bristles stiffness experiments are static and the dynamic force measurement is still a developing technique in force measurement. The authors would like to apply a very accurate measurement method of the dynamic force developed by Fujii [10] to the measurement of friction force a toothbrush tuft. His method is already tested in many experiments like dynamic calibration of force transducer, micro force measurement, impact force measurement, friction force measurement and coefficient of friction measurement [11] [12] [13] [14] . This method is called the Levitation Mass Method (LMM). The principle behind of this method is that the inertial force of a mass is levitated using a pneumatic linear bearing. Then the inertial force of the levitated mass is used as a reference force applied to the body or material under test [15] . The inertial force of the levitated mass is accurately measured using an optical interferometer [16] . Figure 1 shows the schematic diagram of the experimental setup for the determination of friction force of the toothbrush tuft. In this experiment, the surface of the toothbrush tuft is rubbed by a rounded tip extension block connected to the linear bearing. The reference force acting on the toothbrush tuft is the inertial force of the moving mass in a linear bearing. The moving mass is set up in such a way that its linear motion is acted by minimal friction. To achieve this a pneumatic linear bearing is used wherein the moving part is levitated by the compressed air inside the bearing. During the test, the friction force is generated in the material by sliding the moving mass over the toothbrush tuft surface. The initial velocity of the moving part is manually given by tapping it.
Experimental setup
The moving part is made from aluminum with a shape of a square pole. One of its ends is set up for an interferometer where a cube-corner prism (CC) is attached while on the other ends is where the rounded tip extension block is placed. The inertial force acting on the mass is measured precisely using an optical interferometer. The total mass M of the moving part is measured precisely using an electric balance, and it is approximately equal to 31.11 g. The material under test (toothbrush tuft) is attached to a movable holder that is placed on a fixed base. Figure 2 shows the photograph of the test section of the experimental setup and the photograph of the toothbrush tufts and bristle. The total force Fmass acting on the moving part of the linear bearing is the product of its mass M and its acceleration a shown in equation 1.
The total force Fmass acting on the moving part is divided into two parts. The first part is the friction force FF resulted from deformations of the softer material (tuft) to the harder material (extension block) [17] . The second part is the force acting on the linear bearing Fbearing. So that equation 1 becomes
Now, if the force acting on the linear bearing Fbearing can be neglected then by second law of newton, the friction force FF acting opposite to the direction of the force of the moving part is equal to the inertial force of the moving part so that F mass F F Ma  . According to Fujii [12] if the force in the linear bearing Fbearing cannot be ignored then this force shown in equation 3 should be taken into account and it is made of three parts. The first part is Fairflow which is the frictional force inside the air film of the linear bearing due to the asymmetrical flow of the air, the second part Fgravity is the component of the gravitational force due to the inclination of the bearing holder against the horizontal plane, and the third part friction F which is the frictional force inside the air film of the bearing due to the relative motion between the moving part and the bearing holder.
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In the measurement and the collection of data, beat f and rest f are processed through a digitizer that is connected to the computer. Then the data obtained from the computer is used to calculate the Doppler shift frequency Doppler 
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where beat f is the beat frequency, rest f is the rest frequency, and air is the wavelength of the signal beam under the experimental conditions. The direction of motion during the experiment as shown in Fig. 2 is towards the left for the velocity, the acceleration, and the force acting on the moving part.
The light source used in this experiment is Zeemantype two-frequency He-Ne laser. The frequency difference is measured from an interference fringe which appears at the output port of the interferometer. The value of the signal varies from rest f approximately 1.8 MHz to some value depending on the velocity of the moving part. A digitizer (model 5102, National Instrument) measured and recorded the signal from PD1 and PD2. During the measurement, a sampling rate of 30 million samples per second with a record length of 5 million samples is used at 8-bit resolution, and all the settings is done using Labview software. This condition makes a sampling period of the digitizer to approximately 0.17s. The frequencies beat f and rest f are accurately determined using zero-crossing fitting method (ZFM) from the digitized waveforms from PD1 and PD2 [18] . During measurements, the digitizer (NI PCI-5105) is triggered by a sharp trigger signal generated from the digital-to-analog converter (DAC). This signal is initiated by a light switch that is a combination of a laserdiode and a photodiode.
The pneumatic linear bearing is made by NSK Co., Ltd. with the model number "GLS08A50/25-2571." This bearing is attached to an adjustable tilting stage. The maximum mass that can be added to the moving part is approximately 1 kg according to its design specification. The stroke of its movement is approximately 25 mm with an air film nominal thickness of approximately 10 m. The tilting angle of the upper surface of the bearing holder can be roughly adjusted horizontally using a bubble level with uncertainty of approximately 0.1 mrad. This angle equal to 0.1 mrad makes the gravitational force Fgravity acting on the moving part of approximately equivalent to 0.02 mN (20 µN).
Results
The collection of data is performed by running the rounded tip extension block over the surface of the toothbrush tuft as seen in Figs. 1 and 2 . The friction force FF resisting in the opposite direction of motion is equal to the total force produce by the moving part. The total force acting on the tuft is calculated as the product of the mass and the acceleration of the moving part. Figure 3 shows the data processing procedures on how to obtain the position, acceleration, and force. Throughout the friction measurement, there are two parameters that are precisely measured using an optical interferometer, one is the time- 
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varying beat frequency fbeat and the other is the rest frequency frest.
The Doppler shift frequency which is needed for the calculation of velocity is measured as the difference between the beat frequency fbeat and the rest frequency frest. The position and the acceleration is calculated after the calculation of velocity from the measured time-varying Doppler shift frequency. The calculation is performed by numerical integration and differentiation of the velocity. Finally, the time-varying force is calculated using the product of the moving mass and the time-varying acceleration. The cause of these changes are due to the interaction between the individual bristles composing the tuft and the surface of the extension block. As the extension block moves back to its original position some of the bristles tend to adhere each other and to the extension block surface creating a sudden increase of friction force that resist the moving part this can be seen in Fig. 2(a) . This observation is supported by Fig. 4 in the position -19 .97 mm to -19.70 mm a bulge shaped can be seen in the plot of friction force against position. The negative friction force that is visible from Figs. 3 (e) and 4 indicates that the bristles provides additional force from its stored energy after experiencing elastic deformation. Figure 4 shows that hysteresis occurs during the brushing process. But since the area is so narrow, it means that the material under test dissipated energy at a very small amount. This dissipated energy is due to internal friction of the material. Figures 3 and 4 also showed that noise in x (mm) forms of friction is highly visible during the forward tapping when the moving part was given an initial velocity. However, this noise disappears quickly when the moving part attained a perfect balance in the maximum position 20.37 mm to the left. This is when the velocity of the moving part becomes zero. At this time, there is a reaction force coming from the damper that pushes the moving part backward after it stops. This reaction force is perfectly horizontal so that when it moves back the noise disappear. Figure 5 shows the curve fitted equation of force against position as it brushes forward and backward from the toothbrush tuft for about 23 ms. From this figure it is obvious that the dynamic friction force FF is a second-order function of position with an R squared value of 99.27% for Fig. 5(a) and 97.95% for Fig. (b) . It means its stiffness do not follow the hooks' law where the force is a linear function of position. Figure 6 shows the change of the friction force with the velocity wherein the maximum friction force is attained when the velocity of the moving part becomes zero. At this time, the moving part stops and starts to reverse its direction of motion from left to right. All of this happens when the moving part reaches the maximum position. Figure 7 shows the change of velocity with position. In this figure, the velocity changes relatively before and after brushing. This change means that during the process of moving backward, the moving part already loses some of its kinetic energy due to brushing contact over the surface of the tuft. 
Discussion
The Levitation Mass Method (LMM) was adopted in this experiment. During the measurement and calculation of the dynamic friction force FF, the bearing friction Fb force was neglected. This is because its average value is less than 0.5 % of the maximum value of the friction force FF,max which is approximately equal to 1.40 N.
During the first part of the trip when the extension block brushes over the tuft, the noise due to friction is visible. This noise can be seen in Figs. 4-8 . The cause of this noise is due to the unbalance tapping of the moving part when giving an initial velocity. Using the available data from the position against friction force, the stiffness can be calculated. Although initially, the friction force against position is fitted with a second-order function. Linear fitting is more convenient to approximate its average stiffness value during forward and backward stroke. Using linear fitting the stiffness is approximately 0.83 N/mm with an R squared value of 88%.
Conclusion
In this paper, the Levitation Mass Method (LMM) was successfully applied in the measurement of dynamic friction and stiffness of the toothbrush tuft. During the experiment, the moving part with mass M is levitated using pneumatic linear bearing to realize linear motion with sufficiently small friction. The position, the acceleration and the inertial force of the mass are calculated from the velocity using numerical differentiation and integration.
The success of this experiment will lead to the measurement of the coefficient of friction of the toothbrush tuft and the toothbrush itself which will give vital information in concluding efficacy of toothbrushing in relation to the friction force applied during brushing of teeth.
